Splicing occurs co-transcriptionally, but relative rates of splicing and transcription that might reveal mechanisms of their coordinated control have remained mysterious. Now, Carrillo Oesterreich et al. show that the fastest introns are gone nearly as soon as the 3 0 splice site is transcribed and that introns have distinct splicing kinetics with respect to polymerase progression along the gene.
Dunking a naked and fully formed premRNA into a cell extract to study spliceosome assembly and function has always been accompanied by a sense of unease. Transcription and splicing are both so rapid in vivo that the nascent transcript, born 5 0 end first from the RNA exit channel of RNA polymerase, was quietly held to be the true splicing substrate, with dynamics Lipopolysaccharide (LPS) triggers an inflammatory response that activates NF-kB signaling. NF-kB induces expression of RHOC and suppresses expression of CYP7A1, the latter causing a block in bile acid synthesis. This results in accumulation of farnesyl pyrophosphate (FPP) and geranyl geranyl pyrophosphate (GGPP), allowing for increased isoprenylation of RHOC, promoting its stability and membrane localization. RHOC subsequently activates Rho-associated protein kinase (ROCK), which acts to inhibit insulin receptor signaling by an undetermined mechanism. Reduced insulin signaling leads to increased glucose production by hepatocytes. beyond experimental reach. A few brave souls tried to create coupled cell-free transcription-splicing systems; however, no spliceosome has ever kept up with RNA polymerase in a test tube race. In vivo, one can alter the rate of RNA polymerase elongation and see effects on splicing, or measure time of splicing after a wave of RNA polymerase passes a specific 3 0 splice site (3 0 SS). So far, an uncertainty principle has made it impossible to simultaneously know the splicing status of a nascent transcript and the position of its RNA polymerase on the template. In this issue of Cell, Carrillo Oesterreich et al. (2016) solve this problem by capturing both pieces of information from many single nascent RNA molecules for numerous genes and provide a rich new view of the coupling of splicing with transcription elongation.
Carrillo Oesterreich et al. (2016) employ a clever tool, single-molecule intron tracking (SMIT), to observe detailed kinetics of co-transcriptional splicing for dozens of genes in both budding and fission yeast. One of the first surprises is that splicing is completed right on the heels of the RNA polymerase ( Figure 1 ). The onset of exon ligation occurs 26 nt downstream of the 3 0 SS, almost as soon as the 3 0 splice site emerges from the polymerase, and 50% of splicing is complete within 1.4 s after 3 0 SS synthesis, significantly faster than has been previously suspected. This certainly means that spliceosome assembly on nascent transcripts is well along before the 3 0 SS appears. The similarly short window of time between synthesis of the branchpoint and appearance of the 3 0 SS (mean branchpoint to 3 0 ss distance = 39 nt [Spingola et al., 1999] , average elongation rate = 33 nt/sec [Mason and Struhl, 2005] ) suggests that the first and second catalytic steps occur in quick succession on the nascent transcript.
Compared to this speedy catalysis, spliceosome release from the nascent transcript seems a leisurely enterprise. Additional elongation must be needed because the ATP-dependent helicase Prp22 requires access to the first 30 nt of exon 2 to catalyze mRNA release (Schwer, 2008) . Using the splicing reporter HZ18 from the Rosbash group in which exon ligation creates a stem-loop recognized by MS2 coat protein (Lacadie et al., 2006 ), Carrillo Oesterreich et al. (2016 show with SMIT that, while splicing occurs very quickly, the ligated and released exons are only detectable by MS2-Chip much later. It will be interesting to see how co-transcriptional spliceosome disassembly, release from chromatin, and mRNA packaging for nuclear export are coordinated as the RNA polymerase races onward.
SMIT exposes a diversity of interesting phenomena to analysis. At a uniform elongation speed, with a constant rate of splicing, the polymerase position at which nascent transcripts are spliced should be the same for all genes. The authors test this expectation using a mutant strain with a more rapidly elongating RNA polymerase. For the fastest introns, the distribution of polymerase positions at which splicing is completed moves smoothly down the template. Contrary to reports of polymerase pausing near splice sites (see below), no splicing-associated pausing is observed. Since elongation rates appear uniform over the range of polymerase position at which splicing occurs (Carrillo Oesterreich et al., 2016) , the kinetics of splicing for different introns can then be clocked by using polymerase progress as a proxy for time.
Using this clock, the idiosyncratic splicing behaviors of individual introns can be viewed as splicing kinetic profiles. SMIT shows that many introns are removed quickly in a monophasic fashion. Others are removed more slowly but eventually are spliced to completion while polymerase is still engaged with the gene. Still others seem to reach a limit of completion well below 100%; presumably the unspliced fraction finishes after being released from the gene or perhaps never finishes and is decayed. The differences between these apparently monophasic patterns can be attributed to intron-specific differences in overall rate of splicing.
More complex phenomena must be at play for introns that show biphasic splicing kinetics. For these, a fraction of nascent transcripts complete early, and the rest do not splice until polymerase has moved farther down the gene, where a second fraction of the population completes splicing. Two classes of splicing kinetics suggest the nascent transcript may follow one of two (or more) pathways to splicing completion, even though they have identical sequences. Alternative folding of the nascent transcript might account for these kinetic differences, and it may simply take time for the RNA to refold into a splicing competent conformation. But because concomitant polymerase movement leads to a fresh burst of splicing for the recalcitrant fraction of introns, it could also be that new RNA sequence in the extended nascent transcript contributes to refolding or recruitment of factors required for splicing rescue.
The intriguing idea that co-transcriptional checkpoints coordinate transcription and splicing has invoked pausing near splice sites as a mechanism (Alexander et al., 2010; Chathoth et al., 2014) . SMIT seems to not show evidence for uniform pauses within or near introns, at least in yeast. In mammalian cells, several splicing-associated pauses have been identified by the NET-seq approach (Churchman and Weissman, 2011) , on which SMIT is partially based (Mayer et al., 2015; Nojima et al., 2015) . One such pause appears upstream of the 3 0 SS (Mayer et al., 2015) , although it is unclear how this pause would promote spliceosome assembly. In theory, a pause downstream of the 3 0 splice site in the exon seems logical. Evidence that such pauses exist and yet disappear when splicing is inhibited (Nojima et al., 2015) argues that they are a consequence of splicing, rather than an intrinsic template barrier. Given the greater opportunity for alternative splicing dictated by the more complex gene architecture in mammalian cells, it is possible that yeast has evolved different ways to coordinate transcription with splicing. Time will tell.
